Abstract: Electronic power devices used for transportation applications (automotive and avionics) experience severe temperature variations, which promote their thermal fatigue and failure.
thermal cycles are superimposed, power cycles coming from the application of electric current in the active parts of the modules during the phases of operation (Joule effect) and passive cycles stemming from ambient temperature variations. In the environment of an aircraft engine, these variations are typically between -30°C and +180°C and in the worst cases between -55°C to 200°C. Therefore, power electronic devices are highly vulnerable to variable amplitude thermal fatigue.
The aim of this research is to understand the mechanisms at the origin of failure and to model them so as to optimize either the geometry or the manufacturing process of power modules in order to improve their fatigue life and their reliability
The studied modules are composed of chips, ceramic substrates and base plate [1] . Chips are soldered on ceramic substrates which are themselves soldered on base plates. Ceramic substrate ensures the electrical insulation of the chips from the base plate. The substrate must also allow the evacuation of the heat resulting from power dissipation, from chips to the base plate. For this purpose, aluminium nitride Direct Bonded Copper (DBC) substrates are commonly used in power modules, because of their good thermal conductivity. They are composed ( Fig. 1 ) of a ceramic layer (aluminium nitride) with a thin sheet of copper bonded to both sides by a high-temperature oxidation process. The upper copper layer (thickness t Cu1 =127 μm to 300µm) is then chemically etched so as to form an electrical circuit. The ceramic tile (thickness t AlN =635 μm) ensures the electrical insulation and the lower copper layer is kept plain and soldered onto the base plate (copper or AlSiC) mounted on a heat spreader. The global thermal expansion coefficient of a DBC substrate is close to that of a silicon chip which reduces the effect of thermal cycling at the interface between the chip and the substrate. Conversely, and especially for the highest temperature variations, thermal fatigue failures appear inside the DBC substrate and limit the fatigue life of the module [1] .
Therefore, the thermal fatigue of the DBC substrate was analysed. The difference between the thermal expansion coefficients of copper and aluminium nitride is at the origin of thermal fatigue. It was observed that cracks are either initiated directly from the layer of ceramics or from geometric singularities in the DBC substrate [1, 10] . In the latter case, the failure of the ceramic layer occurs after several cycles, according to the temperature range ( Fig. 1 b, Fig. 2 ). In the first case, if the temperature variation is large enough, a through thickness crack appears in the ceramic layer (Fig. 1   a) . The two mechanisms compete to break the DBC substrate and are examined independently.
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Fig. 1: Schematic of a DBC substrate and of its failure modes. The upper and lower layers are made of copper, and isolated by a layer of ceramic (AlN). The upper copper layer is chemically etched so as to print a circuit. (a) through thickness fracture of the ceramic layer. (b) interfacial crack growth at the upper copper/ceramic interface, followed by the fracture of the ceramic layer.
In this paper, the two failure mechanisms are characterized and modelled independently and finally, a finite element model of the DBC substrate is set up and used to propose a method to improve the fatigue life of the modules. This solution was also tested experimentally.
Failure mechanisms.
In the manufacture of power modules, the DBC substrates are first soldered to the base plate.
During the soldering operation, the temperature in the DBC reaches a temperature around 250°C for high temperature applications (avionics, for instance). Then the modules are cooled down to ambient temperature and, according to the profiles of mission, the temperature of the substrate varies typically between a minimum bound of -55°C and a maximum bound of +200°C. In this study, the thermal cycles used to test DBC substrates are rather severe, since they have been chosen close to the most severe constraints, with a minimum temperature of -30°C, a maximum temperature of 180°C , a rate of ± 10°C/min and a 15 minutes dwell time. The capacitance between upper and lower elements of the DBC is used as an ageing indicator. Periodically, the capacitance is measured (Fig.2 a) . In a previous study, using the same substrates and the same experimental conditions, L. Dupont [1] showed that the capacitance remains nearly constant during 20 cycles.
Then the capacitance drops down and the failure occurs at the 40 th cycle (Fig. 2 b) . T max =180°C) [1] .
Broken substrates were observed in a low vacuum scanning electron microscope in order to identify the mechanisms that lead to failure. Cracks initiate from geometric singularities created by the chemical etching of the upper copper layer (Fig. 3 a) . This technique is used to print the electrical circuit in the upper copper layer. In Fig 3 a , the local angle at the sharp corner is around 120°, but it varies along the etching front. A very large number of tiny cracks were found all along the etching front, with a typical depth of 50 to 80 μm (Fig. 3b) . These cracks lie within the copper layer, near the interface.
On the fracture surface, fatigue striations are clearly visible and can be counted. The number of visible striations is close to the total fatigue life (40 cycles) of the substrate, which implies that the life of the modules is controlled by fatigue crack growth in copper near the copper/ceramic upper interface. The initiation phase can be neglected in this case. Then the crack bifurcates and a brittle fracture of the ceramic layer is observed (Fig.3 d) .
The main conclusion of these observations is that the thermal fatigue life of the DBC substrate is controlled by the growth of a fatigue crack in copper from a geometric singularity and near the copper/ceramic upper interface. Finally, when critical conditions are reached the crack bifurcates and breaks the ceramic layer. The second possible failure mechanism is a brittle failure of the ceramic layer from a natural defect of the ceramic. In such a case, the crack is orthogonal to the maximum principal stress direction, i.e. to the interface plane (Fig. 1 a) .
So as to optimize the geometry of the DBC or its manufacturing process, these two failure mechanisms are characterized and modelled independently by two failure criteria. Then the two failure criteria can be used to determine how a change in the geometry or in the thermal history may modify the risk of failure and the fatigue life of the DBC substrate. The brittle fracture can be initiated from a geometric defect. This is the case for instance in Fig. 3b , where the initiation site for the brittle fracture of the ceramic is a tiny crack, which was created in copper by thermal fatigue cycling. In such a case, provided that the LEFM framework can be used, the final failure occurs when the maximum value of I K reaches the fracture toughness of the ceramic ( )
In addition, the brittle fracture of the ceramic layer can also occur from a material defect of the ceramic itself such as a grain boundary, a micro-crack or a pore. These defects being statistically distributed in the ceramic layer, the fracture strength is also statistically distributed. A probabilistic approach is therefore employed as a fracture criterion from natural defects in the ceramic layer.
Weibull law
To represent the random nature of the tensile strength of the material, the Weibull law and the weakest link theory are employed:
The probability of failure F P is function of the value of the maximum positive principal stress σ component in a given volume of material dV . o V is used to non-dimension the volume of tested material dV and is fixed arbitrarily at
For a given stress σ , if the volume of tested material increases, the probability of failure increases also, which is consistent with the fact that the probability of finding a critical defect for that stress level increases when the volume material increases. In addition, for a given volume of material dV , the probability of failure increases when the stress increases. The two parameters o σ and m control the statistic distribution of tensile strengths.
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Experiments were performed in order to identify o σ and m for the AlN ceramic used in the power modules.
Experiments
Samples of ceramic of different geometries have been characterized. Three points bending tests were used for this purpose (Fig. 4) . The distance L is equal to 19 mm in all cases. The thickness t of the samples is either equal to 0.5 mm or 1 mm. Their width w is either 2.5 mm or 10 mm. In a three point bend test, the stress is calculated as follows as a function of the maximum stress max σ :
The maximum value of the stress gradient ( )
in the sample is equal to ( )
According to the weakest link theory, the survival probability of the sample is the product of the survival probability of each sub-volume inside the sample. Thus, taking into account the Weibull law (Eq. 1) the failure probability is as follows:
Where:
It is useful to use samples with different geometries in order to determine precisely the effect of a volume change on the fracture strength. More than one hundred specimens were broken to characterize the Weibull law. The broken samples are classed by increasing values of σ W , so as to determine their failure probability. Since σ W is function of m, m was optimized step by step so as to get finally all the results lying on the same curve.
Finally, a very good agreement is found between the set of experimental results and a Weibull law with m=10.3 and σ o =368 MPa (Fig. 4 c) . With these parameters, if an AlN sample is subjected to a uniform stress, a probability of failure of 0.63 corresponds to a tensile stress of 368 MPa if 
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It is important to note that the smallest effective volume eff V used in these experiments is equal to 0.07 mm 3 . It is therefore possible to use this model to predict the failure probability of AlN for 
Application: 1D model
This Weibull law is firstly employed to predict the risk of failure in the ceramic layer of the DBC substrate as a function of the thicknesses of the layers of this substrate and of the main characteristics of the materials. Initially, a 1D model is used. Up to now, the reference temperature o T , for which the stresses inside the copper and ceramic layers is equal to zero, is not known. In this first analysis, it is assumed that o T is equal to the temperature at which the DBC substrate is soldered onto the base plate (about 250°C). Therefore, residual stresses appear within the DBC at room temperature. In the future, it is planned to measure these residual stresses at room temperature using X-ray diffraction. The two layers of copper have a total thickness 
and the Tresca criterion is used :
With this simple set of equations, the stress inside the ceramic layer and the associated probability of failure can be determined during thermal cycling as a function of the parameters of the problem, the thicknesses displays an isotropic hardening, the stress range in the ceramic layer increases cyclically until the cycle is fully elastic. With H=5 GPa and Y σ =50 MPa, for instance, 20 cycles are required for the stress in the ceramic layer to reach its maximum value. In such a case, the brittle fracture of the ceramic (from a natural defect) may therefore occur after a few thermal cycles.
Finally, the saturation stress in the ceramic layer (Fig. 5a ) and the corresponding failure hal-00417898, version 1 -17 Sep 2009 probability ( Fig. 5b) increase rapidly as the thickness of the copper sheet increases, the thickness of the ceramic layer being kept constant (635 μm). Then a maximum value is reached when Cu t is high enough to get a plastic deformation during of the layers of copper at each cooling phase.
Above this value the failure probability diminishes when Cu t increases. The DBC substrates used in this study have a thickness of their layers of copper equal to 300 μm. The probability of failure is close to its maximum in that case. Obviously DBC substrates built with thinner layers of copper would display a better resistance to thermal loading. In addition, it is found that the failure probability varies significantly with the flow stress in copper. This can be easily understood since when plastic deformation occurs within the layers of copper during thermal cycling, the stress inside the copper layers and inside the aluminium nitride layer is controlled by the flow stress in copper.
As a conclusion of this schematic analysis of the problem, it can be said that, provided that copper is plastically deformed during cooling after the assembly process of the DBC substrate, the determination of the initial residual stresses inside the DBC substrate is not crucial. On the contrary, it is of key importance to characterize the cyclic elastic-plastic behaviour of the copper sheet employed for the DBC substrate and to optimize the geometry of the substrate. And finally, it hal-00417898, version 1 -17 Sep 2009 appears that the geometry of usual DBC substrates could be optimized so as to reduce their failure probability.
Real DBC substrates display also notches, created by the chemical etching of the upper layer of copper, that induce stress concentrations inside the ceramic layer. Therefore, a finite element model is set up so as to determine the maximum principal stress within the aluminium nitride layer, using a more realistic geometry for the DBC substrate and a suitable elastic-plastic constitutive model for copper. The Weibull criterion is then used to post-treat the finite element computations. The
Weibull law identified for aluminium-nitride is applied to each finite element in the ceramic layer and the weakest link theory is used to cumulate the failure probabilities for the whole model as follows:
Where In these computations, the mesh size was adjusted so that the volume of each finite element remains above 0.07 mm 3 in the major part of the model.
In other respects, the notches created by chemical etching are sharp and can be considered as geometric singularities. Actually, stresses and strains at the notch roots do not converge when the mesh size diminishes. Using finite element computations, it is shown that the gradient of the maximum principal stress component is higher than 4 mm -1 within a distance of 100 μm to a geometric singularity. Since the Weibull law was characterized experimentally for stress gradients below this value, the elements within a distance of 100 μm from a geometric singularity (Fig. 3 a) are excluded when the Weibull failure probability is calculated (Eq. 8). In return, these elements are used in a LEFM based failure criteria ( §4).
This restriction makes sense since the Weibull approach is used to determine the risk of failure from natural defects of the ceramic and applies only in areas where stress and strain gradients remain moderate. When the stress gradient is large, in the vicinity of a geometric singularity, that singularity is assumed to be a much more efficient initiation site than a natural defect. In such a case, a LEFM based criterion should be used in preference to a Weibull law.
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4. Crack initiation, growth and failure at geometric singularities.
Assumptions
The second mechanism of failure considered here is the brittle fracture of the ceramic layer initiated from a small fatigue crack close to the upper interface between copper and ceramic. This problem was studied using the finite element method and the Abaqus code. For this purpose, the thickness of the layer of ceramic was set equal to 635 μm, the thickness of the upper layer of copper was fixed at 300 μm, while the other is fixed at 400 μm. The mesh size varies from 30μm down to 1μm at the geometric singularities (Fig. 6 ). 2D axisymmetric conditions are employed so as to reduce computation times. The material parameters employed for the two materials are gathered in Table 1 . The copper was assumed to be elastic-plastic with a non-linear kinematics and isotropic hardening law ( Table 1 ).
The expansion coefficients were found in the literature. The parameters E, ν, R o , C, γ, Q and b of the copper constitutive model were determined using a tensile test and a cyclic tensile test
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performed on samples extracted from a thin sheet of copper (t = 127 μm) used in DBC substrates (Fig. 7) . Unfortunately, the geometry of the samples did not allow performing strain-imposed pushpull tests. The identification of the coefficients C, γ, Q and b is therefore questionable, in particular Q and b, but at least simulations and experiments are in reasonable agreements. All these coefficients were assumed to remain constant between -50°C and +180°C, which is valid for the ceramic, but might be questionable for copper. More experiments are planned in the future to better characterize the cyclic behaviour of copper. At the singularities created by chemical etching, stresses and strains in the ceramic layer do not converge when the mesh size diminishes. Therefore, a crack initiation or a failure criterion based on local stresses or strains cannot be applied. As a matter of fact, in linear elastic media, not only crack tips but also vertices of internal corners are singular [4, 5] . Similar configurations are also encountered in contact problems [6, 7] . In those cases, it was shown that the stress field can be represented by the product of a shape function
and of a generalized stress intensity factor [8] . Various authors [6;8] have employed generalized stress intensity factors successfully to characterize stress fields in the vicinity of singularities that are not cracks. (Fig. 8 a) and tends to 487 . 0 − = λ when the angle tends to zero (ideal crack). However, the problem studied here is somehow different from that analyzed by Bogy since the model is not semi-infinite and since the layer of copper is capable of plastic deformation.
Therefore, the finite element method was also employed to determine the order of the singularity λ . For these computations the angle is fixed at 90°. Stresses were extracted from an elastic-plastic FE computation. Only the elements within the first 100 μm from the vertex and inside the layer of ceramic are now considered (i.e. those that are not used for the Weibull approach). The shear stress is used for this analysis because it is not perturbed by the T-stress. The product of the shear stress by λ − r is plotted versus the angular position θ in Fig 8 (b and c) . The values obtained for different radii r tend to fall on the same curve when λ is set equal to -0.5 (Fig. 8 b) . The least square ( Fig. 8 c) . 
(solution of Bogy for a 90° sharp angle in copper at a copper/AlN interface).
Therefore the singularity λ of the stress field in the studied problem can be considered as equal to that of an ideal crack in an homogeneous media. With that hypothesis, it becomes possible to extract the mode I and mode II stress intensity factors by correlating the displacement fields in the ceramic layer using the Westergaard displacement functions. For this purpose, 2878 finite elements nodes were used. The average correlation error is below 10%. The coordinate system of the Westergaard displacement functions is such as that the "crack plane" corresponds to the interface and the "crack front" to the vertex of the internal corner in copper.
Using the FE method, I K and II K are determined at each time increment in the coordinate system attached to the interface. Next, the stress intensity factors is also determined and the corresponding value of the mode I stress intensity factor
is then compared with the fracture toughness of the ceramic layer so as to determine whether the brittle fracture of the ceramic layer occurs or not. And finally, if we assume that the fatigue crack growth rate of interfacial cracks increases if their stress intensity factor increases, then an equivalent stress intensity factor has to be defined. As a matter of fact, since interfacial cracks are submitted to mixed mode loading conditions, the crack driving force is to be defined as a function of I K and II K . For this purpose, various expressions of an equivalent stress intensity factor range are available in the literature [13] . However, no consensus has been reached on this subject. Therefore, it has been chosen (quite arbitrarily) to employ the 
Summary
The brittle fracture of the ceramic layer from a singularity should occur if: 
Results
Once the method is set up it allows computing the evolutions of the mode I stress intensity factor
with the number of cycles for various loadings histories.
In Fig. 9 a, for instance, the applied temperature is plotted versus the number of cycles. Two cases are considered. First, only thermal fatigue cycles are applied with T max =+180°C and T min =-30°C, then a second case is considered for which 3 "overloads" cycles are applied (T max =+180°C
and T min =-70°C) prior to thermal cycling.
The failure probability was calculated in both cases. If three overloads are applied initially, the failure probability is increased by a factor 2.5 during the application of the overloads and then reduced by nearly a factor 2 during the application of thermal fatigue cycles (Fig. 9 b) . It is important to avoid a brittle fracture of the ceramic layer during the initial cooling phase. In the present case, the risk of failure remains small.
The mode I and mode II stress intensity factors extracted from FE computations using the displacement correlation method are plotted in Fig. 9 However, AlN employed in DBC substrates is not pure (Fig. 3 d) , while the value of AlN Ic K found in the literature refer to a pure AlN. Therefore it is likely that the fracture toughness of the AlN-based ceramic layer of DBC substrates is higher than 9 MPa.m 1/2 .
The evolution of the stress intensity factor range along a plane inclined at 57° from the interface
is plotted in Fig. 9 e. The application of three thermal overload cycles leads to a reduction of ( ) Finally, it is also aimed at indicating how overload cycles would modify the fatigue life of the components. For this purpose, it is assumed (though this assumption is questionable) that the fatigue crack growth rate of interfacial cracks obeys the Paris law. Therefore the effect of overloads on the crack growth rate and hence on the fatigue life, can be determined from the effect of overloads on the stress intensity factor range. Two main problems arise. A crack growing at the interface is subjected to mixed mode loading conditions and secondly I K is maximum when II K is minimum. Therefore, an equivalent stress intensity factor range has to be calculated from the evolutions of I K and II K during thermal fatigue cycles. Two criteria were used, the results are reported in Table°2.
If the equivalent stress intensity factor range is calculated using the formulae of Tanaka (cited in , then it accounts for mixed mode loading conditions. In such a case, the application of overloads induces a reduction of the crack's driving force by about 8%. In practice, the constitutive behaviour of the copper sheet in the DBC substrate is not known precisely. Therefore, the yield stress of copper was also varied in order to evaluate its effect on
It was observed that overloads should promote a retardation effect, provided that the plastic zone of the overload remains constrained. As a matter of fact, if the copper layers plastically deform at each cycle, the residual stresses left by the overload cycles vanish within a few cycles.
On the contrary, if the yield stress and the hardening law is such as that plastic deformation remains constrained during thermal fatigue cycles, then an overload tends to reduce
. This is the case for the results plotted in Fig. 9 . Furthermore, the reduction of 
Experiments
Even if numerical results remain qualitative only, they indicate that applying a few "overload" cycles before cycling diminishes the stress intensity factors in the vicinity of the singularities and should therefore tend to increase the fatigue life of the DBC substrates.
Therefore, experiments were also conducted to evaluate the effect of such overload cycles on the fatigue life of DBC substrates. The DBC substrates were submitted to three overload cycles at T min =-70°C and T max =180°C before applying thermal fatigue cycles with T min =-30°C and T max =180°C. A set of 3 substrates each including 7 copper lines electrically connected were tested simultaneously. The capacitance of each element (Fig 10 symbols) (Fig. 2a) . This experiment can be directly compared with that performed by Dupont [1] using the same substrates and the same thermal fatigue cycles (Fig. 2 b) but without overloads ( Fig. 10 dotted line) .
First, the initial cooling phase did not break the components, neither from a defect in the ceramic layer nor from geometric singularities. Secondly, a significant increase of the fatigue life is obtained. While the fatigue life was ranging between 20 and 40 cycles for thermal fatigue cycles only, it grows over 350 cycles if three overloads cycles are applied prior to thermal fatigue cycling.
In practice, other technologies are used to increase the fatigue life of substrates (dimples, ceramic Si3N4) but these results indicate that very simple methods that take advantage of the thermo-mechanical properties of the materials can be very efficient and low cost. 
Conclusions and prospects
The thermo-mechanical behaviour of DBC substrate for electronic devices was studied using the hal-00417898, version 1 -17 Sep 2009
